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多元醇糖代谢支路（the polyol pathway, PP）是糖酵解-三羧酸循环以及戊糖
磷酸循环之外细胞葡萄糖代谢的第三个最重要的途径。醛糖还原酶（aldose 
reductase, AR）是 PP 的第一个和限速酶，它负责将葡萄糖还原为山梨醇，后者













和 ACC 的蛋白表达或磷酸化都显著下调；而在慢病毒 shRNA 介导的 AML12 Ar 
knockdown 稳转细胞中，IRS-1、LKB1、AMPK和 ACC 的蛋白表达或磷酸化则
显著上升。这些结果说明，抑制 AR/PP 能够显著提高肝细胞中 IRS-1 蛋白表达
和 LKB1-AMPK信号通路活性，进而影响脂质代谢。 
在 AML12 和巨噬细胞系 RAW264.7 中，我们研究 AR/PP 对炎症因子 IL-6
及 TNF表达的影响。结果显示，抑制 AR/PP 显著降低了 IL-6 及 TNF的 mRNA
表达。小鼠附睾脂肪炎症因子表达水平和血清谷丙转氨酶（ALT）水平的分析同
样表明 Ar 的缺失可以减少炎症因子的释放并改善肝脏炎症反应，说明 AR/PP 的
抑制可以降低巨噬细胞的免疫活性改善肝脏炎症。 
在 Agouti 黄色肥胖小鼠（Ay/a）中我们发现，Ar 的缺失引起 IRS-1、LKB1、




















我们构建了肝专一性 AR 过表达小鼠(Tg)。用 10%（M/V）葡萄糖（glucose）
喂养 8 周龄的转基因小鼠（Tg）及其对照野生型小鼠（WT）14 周，发现肝专一




综上所述，AR/PP 过度激活可以显著抑制肝脏 IRS-1 蛋白表达和
LKB1-AMPK信号通路活性并提升脂肪组织的炎症反应，促进内源性果糖积累
并引起一系列的代谢紊乱。相反，Ar 缺失或抑制 AR/PP 可以显著激活肝脏 IRS-1
蛋白表达和 LKB1-AMPK信号通路活性并降低脂肪组织的炎症反应，改善内源
性果糖积累导致的胰岛素抵抗、肥胖和 NAFLD。这些结果提示 AR/PP 的异常调
控与包括胰岛素抵抗、肥胖和 NAFLD 等代谢紊乱的发生发展密切相关，抑制
























The polyol pathway (PP) is the third most important pathway of glucose 
metabolism besides the glycolysis - tricarboxylic acid cycle and the pentose 
phosphate pathway. Aldose reductase (AR) is the first and rate-limited enzyme of PP, 
it catalyzes glucose reduction to sorbitol, and the latter generates fructose with the aid 
of sorbitol dehydrogenase (SDH). AR/PP plays an important role in cell metabolism, 
inflammation, immune response and other biological processes, closely related to 
diabetes and diabetic complication. In addition, the endogenous fructose produced by 
overactivation of AR/PP is closely associated with lipogenesis in the liver and the 
development of nonalcoholic fatty liver disease (NAFLD). Partly due to the fact that 
fructose metabolism is affected by neither the cellular energy level (AMP/ATP) nor 
the feedback inhibition of metabolic intermediates, exogenous or dietary fructose was 
shown to promote do novo synthesis of fat and suppression of fatty acid oxidation, 
thereby causing liver fat accumulation. However, whether and how overproduction of 
endogenous fructose due to overactivation of AR/PP might affect glucose and lipid 
homeostasis in vivo remains to be further elucidated. Using cell models and animal 
models, we investigated the effects of the alteration in AR/PP activities on IRS-1 and 
LKB1-AMPK signaling, as well as the effects on insulin resistance, obesity and 
NAFLD. 
In mouse hepatocyte AML12 cells we showed that overexpression of AR 
significantly decreased the protein expression or phosphorylation of IRS-1, LKB1, 
AMPK and ACC, while lentivirus-mediated Ar stable knockdown increased the 
protein expression or phosphorylation of IRS-1, LKB1, AMPK and ACC, suggesting 
that alterations in AR/PP activities profoundly affected IRS-1 and LKB1-AMPK 
signaling and disturbed overall animal metabolism. 
We investigated the effects of AR on inflammatory cytokines IL-6 and TNFin 
AML12 cells and macrophage RAW264.7 cells. We found that AR inhibition 
significantly reduced the mRNA expression of IL-6 and TNF. Analysis of 

















level also showed that lack of Ar reduced the release of inflammation cytokines and 
improved liver inflammation, which suggests that AR/PP inhibition could reduce the 
immune activity of macrophage and ameliorate inflammation. 
In Agouti yellow obese mice (A
y
/a), we found that loss of Ar significantly 
up-regulated the protein expression or phosphorylation of IRS-1, LKB1, AMPK and 
ACC. As a consequence, insulin resistance, glucose intolerance, bodyweight gain, 
liver lipid droplets accumulation and epididymal fat aggregation, were all improved. 
These results indicate the important roles AR/PP plays in various aspects of animal 
metabolism. 
We created lines of transgenic mice overexpressing AR liver-specifically (Tg). 
We fed 8 weeks transgenic mice (Tg) and its control (WT) with 10% (M/V) glucose 
for 14 weeks to induce the activation of AR/PP. Following the glucose feeding, the 
protein expression or phosphorylation of liver IRS-1, LKB1, AMPK and ACC in Tg 
mice were lower than that in the WT mice. Moreover, the serum levels of fructose, 
ALT and proinflammatory cytokines, liver fructose and lipid droplets, and bodyweight 
and epididymal fat inflammation in Tg mice were significantly increased, 
accompanied by significant insulin resistance. These results suggest that endogenous 
fructose produced by overactivation of AR/PP leads to significant disturbance in 
animal metabolism. 
In conclusion, overactivation of AR/PP tended to suppress hepatic IRS-1, LKB1, 
AMPK and ACC protein expression or phosphorylation and increase adipose tissue 
inflammation, promote insulin resistance, obesity and NAFLD. Conversely, loss of Ar 
tended to activate hepatic IRS-1, LKB1, AMPKsignaling and reduce adipose tissue 
inflammation, improve insulin resistance, obesity and NAFLD. Together these results 
suggest that aberrant regulation of AR/PP is tightly associated with metabolic 
disorders such as insulin resistance, obesity and NAFLD. Inhibition of AR potentially 
might be beneficial for combating insulin resistance, obesity and NAFLD. 
 



















缩略语 英文 中文 
AR aldose reductase 醛糖还原酶 
ARI aldose reductase inhibitor 醛糖还原酶抑制剂 
SDH sorbitol dehydrogenase 山梨醇脱氢酶 
FLD fatty liver disease 脂肪性肝病 
AFLD alcoholic fatty liver disease 酒精性脂肪性肝病 
NAFLD nonalcoholic fatty liver disease 非酒精性脂肪性肝病 
IRS-1 insulin receptor substrate -1 胰岛素受体底物 1 
LKB1 serine/threonine kinase 1 丝氨酸/苏氨酸激酶 1 
AMPK AMP-activated protein kinase AMP 激活蛋白激酶 
ACC acetyl-CoA carboxylase 乙酰辅酶 A 羧化酶 
IL-6 interleukin -6 白介素-6 
TNFα tumor necrosis factor α 肿瘤坏死因子  
MCP-1 monocyte chemotactic protein-1 单核细胞趋化蛋白-1 
JNK c-Jun N-terminal Kinase c-Jun 氨基末端激酶 





FASN fatty acid synthase 脂肪酸合成酶 
PI3K phosphoinositide 3 kinase 磷酸肌醇 3 激酶 
HOMA-IR 
homeostasis model assessment-insulin 
resistant 
胰岛素抵抗稳态模型 

















TC total cholesterol 总胆固醇 
TG triglyceride 甘油三酯 
GLUT4 glucose transporter type 4 第四型葡萄糖转运子 
FBS fetal bovine serum 胎牛血清 
EDTA ethylene diamine tetraacetic acid 乙二胺四乙酸 
mRNA messenger ribonucleic acid 信使核糖核酸 
RNAi RNA interference RNA 干扰 
shRNA small hairpin RNA 小发夹 RNA 
Tris trimethylsilyl 三（羟甲基）氨基甲烷 
Gly glycine 甘氨酸 

























示，肝脏还在食欲和体重调控中起着关键的作用[1]，正常人每 100 g 湿重的肝脏
含 4～5 g 脂类，其中磷脂占 50％以上，甘油三酯(triglycerides, TG)占 20％，游
离脂肪酸(free fatty acid, FFA)占 20％，胆固醇约占 7％，其余为胆固醇酯等。在
某些因素作用下，肝脏的脂肪含量会逐渐积累，若脂肪的含量超过了肝脏总重量
的 10％，或者在组织学上有 50%以上的肝细胞有脂肪变性时，就被称为脂肪肝
（ fatty liver）或脂肪性肝病（diseases, FLD），FLD 可发展为脂肪性肝炎
（steatohepatitis）、肝纤维化（liver fibrosis）和肝硬化（liver cirrhosis）[2, 3]。FLD
发病与多种因素有关，其中包括肥胖、营养过剩或营养不良、内分泌代谢障碍、
大量的酒精饮用以及疾病因素等。由长期饮用大量酒精引起的脂肪性肝病通常被
称为酒精性脂肪性肝病(alcoholic fatty liver disease, AFLD)。与此对应，其它所有
由非酒精因素引起的脂肪性肝病被统称为非酒精性脂肪性肝病(nonalcoholic 
fatty liver disease, NAFLD)。大约三分之一的 NAFLD 将演变成非酒精性脂肪肝





影响[5, 7]。 NASH 和肝纤维化的出现与年龄因素一起作用，最终有可能演化成肝




































图 1.1 目前所了解的 NAFLD/NASH 发生的途径[12] 
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